Spectroscopic observations of exoplanets are leading to unprecedented constraints on their atmospheric compositions. However, molecular abundances derived from spectra are degenerate with the absorption cross sections which form critical input data in atmospheric models. Therefore, it is important to quantify the uncertainties in molecular cross sections to reliably estimate the uncertainties in derived molecular abundances. However, converting line lists into cross sections via line broadening involves a series of prescriptions for which the uncertainties are not well understood. We investigate and quantify the effects of various factors involved in line broadening in exoplanetary atmospheres -the profile evaluation width, pressure versus thermal broadening, broadening agent, spectral resolution, and completeness of broadening parameters -on molecular absorption cross sections. We use H 2 O as a case study as it has the most complete absorption line data. For low resolution spectra (R 100) for representative temperatures and pressures (T ∼ 500K-3000K, P 1 atm) of H 2 -rich exoplanetary atmospheres we find the median difference in cross sections (δ) introduced by various aspects of pressure broadening to be 1%. For medium resolutions (R 5000), including those attainable with JWST, we find that δ can be up to 40%. For high resolutions (R∼10 5 ) δ can be 100%, reaching 1000% for low temperatures (T 500K) and high pressures (P 1 atm). The effect is higher still for self broadening. We generate a homogeneous database of absorption cross sections of molecules of relevance to exoplanetary atmospheres for which high temperature line lists are available, particularly H 2 O, CO, CH 4 , CO 2 , HCN, and NH 3 .
INTRODUCTION
In recent years it has become possible to observe highprecision atmospheric spectra of a variety of exoplanets detected via transits, direct imaging and Doppler surveys (see e.g. review by Madhusudhan et al. 2014b) . For example, high-precision observations with the HST Wide Field Camera 3 (WFC3) in the near-infrared (1.1-1.7 µm) has led to unambiguous detections of H2O in several hot Jupiter atmospheres (Deming et al. 2013; McCullough et al. 2014; Kreidberg et al. 2014b; Madhusudhan et al. 2014a) . Despite the modest resolution (R∼10-100; depending on spectral binning), the high photometric precisions of HST WFC3 spectra have allowed unprecedented constraints on the H2O abundances in these atmospheres (e.g. Kreidberg et al. ever, is the accuracy of the fundamental inputs to atmospheric models. The opacity contributing to a spectrum due to a given chemical species is proportional to the product of its absorption cross section and the molar abundance of that species. Therefore, the chemical abundances derived from atmospheric spectra, using standard retrieval codes (e.g. Madhusudhan & Seager 2009; Madhusudhan et al. 2011a; Line et al. 2013; Benneke & Seager 2012; Lee, Fletcher & Irwin 2012; Waldmann et al. 2015) , are directly degenerate with the absorption cross sections. In conventional atmospheric models the absorption cross sections are fixed as fundamental inputs and hence the uncertainties on derived chemical abundances assume no uncertainties in cross sections. However, with improving data quality, both in precision and resolution, it becomes imperative to examine the uncertainties in these model inputs. Ultimately the precision of a derived molecular abundance will be limited by the accuracy of its wavelength-dependent cross sections as they are assumed as model inputs.
Significant progress has been made in recent years to generate molecular absorption line lists for molecules of relevance to exoplanetary atmospheres. While traditionally molecular line databases such as HITRAN (Rothman et al. 2006 ) provided data for a large compendium of molecules, the data was typically available for terrestrial applications of temperatures 300 K. Since exoplanetary atmospheres that are observable with current instruments span much higher temperatures (∼600 -3000 K) it has become necessary to generate high temperature line lists for many molecules. Therefore, several new high-temperature molecular line lists have been reported in recent years. For example, the recently revised HITEMP database (Rothman et al. 2010 ) provides a compilation of theoretical and experimental high temperature line lists and line broadening parameters for important molecules such as H2O, CO, and CO2. More recently, and more extensively, the ExoMol database (Tennyson & Yurchenko 2012 ) has reported high temperature theoretical line lists for numerous molecules of relevance to exoplanetary atmospheres, including the largest line lists for CH4 and NH3 known to date (e.g. Yurchenko et al. 2013 ).
Molecular absorption cross sections are generated from transition line lists by incorporating the appropriate line broadening and binning to the required resolution. Several factors can cause line broadening in exoplanetary atmospheres, such as thermal Doppler broadening and pressure broadening. However, while detailed high temperature line lists are becoming available for several molecules, there is still a lack of detailed line broadening parameters that are required for generating accurate cross sections. Freedman et al. (2008) and Freedman et al. (2014) report opacity calculations using existing high-temperature line lists and highlight the lack of detailed pressure broadening parameters. In particular, current atmospheric observations are most sensitive for giant exoplanets with H2-rich atmospheres, and hence molecular opacities in models need to incorporate pressure broadening due to H2. However, while latest databases such as HITEMP provide broadening data for self and air broadening, H2 broadening data is currently unavailable for most molecules. Thus, high-temperature molecular cross sections for several molecules rely on insufficient H2 pressure broadening data (Freedman et al. 2008 (Freedman et al. , 2014 Sharp & Burrows 2008) . On the other hand, purely theoretical line lists such as ExoMol are computed in zero pressure conditions due to which pressure broadening data is typically unavailable and hence not included while computing cross sections (e.g. Hill, Yurchenko & Tennyson 2013) . Finally, even where broadening parameters are available, deriving cross sections from line lists involves a series of numerical considerations which can influence the cross sections.
In the present work, we investigate the dependence of molecular cross sections on the various factors involved in computing them from molecular line lists including both thermal and pressure broadening. We discuss each aspect of the construction of the cross sections and where errors can be introduced by comparing different data sources, temperatures, pressures, broadening agents, evaluation widths and resolutions. Meaningful comparisons can be difficult to make as cross sections span many orders of magnitude and contain many peaks and troughs in features across wavelengths. As discussed in section 6.1 we find the median percentage difference to be a useful measure and representative of the change due to pressure broadening as a whole. To assess this we also generate a bank of cross sections with only thermal broadening included for comparison with those including pressure broadening. Using this method, we create a database of molecular cross sections from a range of available line list sources. The cross sections generated span a wide range of pressures (10 −4 -100 atm) and temperatures (300 -3500 K) that are relevant for exoplanetary atmospheres and sub-stellar objects.
We investigate the cross sections over a wide range in spectral resolution (R=10 2 -10 5 ) which reflects current and future instruments for atmospheric characterisation of exoplanets as discussed above. There are a wide array of future instruments that we can prepare for. The James Webb Space Telescope (JWST) is scheduled for launch in 2018 and will host several instruments in the infra-red range. NIRSPEC and MIRI spectrographs will hold significance for the characterisation of exoplanet atmospheres. NIRSPEC will encompass the 0.6-5 µm range using three overlapping bands. MIRI will be a particularly broadband instrument stretching from 5-20 µm in wavelength. NIRSPEC will have a spectral resolution ranging up to R=1400-3600 µm for its highest resolution grating and MIRI will achieve R ≈ 3000 µm. This is a drastic increase in our current capabilities with HST which warrants an investigation into our current modelling inputs. In the distant future we also anticipate the E-ELT to have R=100,000 and be highly capable of atmospheric characterisation for exoplanets. Based on these instruments we present our tests of cross sections at a range of resolutions of R=100, 1000, 3000, 10,000 and 100,000. This gives a representative picture of what we can achieve now and in the future.
LINE LIST SOURCES
There are several line list repositories available where lists of transitions for molecules can be obtained. Those most relevant to atmospheric characterisation and that are publicly available are given in Appendix 10.1 including the number of transitions each list contains. These databases are given in a variety of formats but each source contains the key parameters (e.g. Einstein coefficients, degeneracies, energy levels, etc.) and a method for obtaining the line positions (e.g. in wavenumber, ν) and the line intensities S(T ) for a given temperature (T). These line data sources cover a wide spectral range, typically spanning the visible to mid-IR (e.g. ∼0.5 µm to ∼30 µm), although this can vary between the different line lists. Line transitions are uniformly spread in frequency space leading to line lists being given in wavenumber rather than wavelength. Sources also range in their completeness with some containing fewer transitions than others. Lack of completeness leads to less reliable cross section data for two reasons; gaps in the wavenumber coverage cause some features to be missed from the cross section and lines of lower intensity which can contribute significantly to the cross section are not represented. As such accurate cross sections require the most complete lists of molecular transitions.
One of the largest and most well established of all the repositories for molecular line lists is the HITRAN database, which has been updated every few years (Rothman et al. 1998 (Rothman et al. , 2013 . The HITRAN database has been mainly used for terrestrial applications and predominantly includes molecules of importance for the Earth's atmosphere, with temperatures below ∼300 K. Because of this lower temperature approach these data are less applicable for the most observable exoplanetary atmospheres. For current atmospheric observations of exoplanets we require spectroscopic data covering a higher temperature range, e.g. for applications to highly irradiated planets and young directlyimaged planets which have a wide range of temperatures going up to 3000 K. This need has been met by the newer HITEMP database, also known as HITEMP2010 to distinguish from an earlier version, which contains fewer molecules but many more transitions for each (Rothman et al. 2010) . HITEMP currently covers OH, NO, CO, CO2 and H2O which are particularly useful for hot Jupiter atmospheres, accurate up to temperatures of 4000K. More recently, the ExoMol database has begun addressing the deficit of data available for molecules of astrophysical importance at high temperatures (Tennyson & Yurchenko 2012) .
LINE BROADENING
The diversity of physical conditions in exoplanetary atmospheres can lead to different types and degree of line broadening. Exoplanetary atmospheres span a wide range of temperatures (∼400 -3000 K) and dynamical parameters (e.g. wind speeds, and orbital and spin rotation rates) ranging from tidally locked close-in planets to young giant planets on wide orbital separations. The two prominent sources of line broadening in planetary atmospheres are thermal (Doppler) broadening and pressure (collisional) broadening (Chamberlain 1978; Mihalas, Auer & Mihalas 1978; Seager & Deming 2010) . Thermal Doppler broadening is caused by the lineof-sight thermal velocity distribution of molecules at a given temperature in the planetary atmosphere. Pressure broadening is induced by collisions between chemical species with the collision frequency being a strong function of pressure.
Other sources of broadening can be prevalent depending on the planetary properties and observing geometry. In principle, natural broadening due to the intrinsic uncertainty in energy levels is always present but is expected to be negligible compared to other broadening mechanisms discussed above. Further broadening and shifting of spectral lines can be caused by the planetary rotation and strong winds in the planetary atmosphere, especially for close-in hot Jupiters observed in transmission spectra (Spiegel, Haiman & Gaudi 2007; Miller-Ricci Kempton & Rauscher 2012; Showman et al. 2013) . Finally, rotational broadening due to the spin of the planet can also be significant, especially for exoplanets that are not tidally locked such as those on wide orbital separations (Snellen et al. 2014) . These sources of broadening can be important on a case-by-case basis.
Broadening Profiles
Opacities used in models of exoplanetary atmospheres typically include thermal and pressure broadening of the spectral lines wherever the broadening parameters are available. While thermal broadening is straightforward to include (e.g. Hill, Yurchenko & Tennyson (2013) ), the parameters for pressure broadening are sparse as relevant approximations need to be made for each molecule considered (Freedman et al. 2014; Freedman, Marley & Lodders 2008) , as discussed in section 3.3. In the present work, we consider both thermal and pressure broadening and investigate the effect of the assumed pressure broadening parameters on the resulting absorption cross sections.
Under the assumption of a Maxwell-Boltzmann thermal velocity distribution the Doppler broadening takes the form of a Gaussian profile. On the other hand, pressure broadening is represented by a Lorentzian profile. The Doppler and Lorentzian broadening profiles are given, in wavenumbers in cm −1 , as
where, νo is the centroid in wavenumbers, γG we define as the Doppler width and γL is the Lorentzian pressure broadening half-width at half-maximum (HWHM) both in units of cm −1 . These are given by (see e.g. Hill, Yurchenko & Tennyson 2013; Rothman et al. 1998) :
where, P is pressure in atm, T is the temperature in Kelvin, T ref is the reference temperature (usually 296K), p b is the partial pressure of the broadener, n is a temperature scaling factor and γ L,b indicates the Lorentzian HWHM due to a specific broadening molecule in units of cm −1 /atm. Here kB is the Boltzmann constant, m is the mass of the molecule in grams and c is the speed of light in cm/s. Here, signifies the sum over all the broadening parameters for each broadening medium.
Pressure broadening is typically harder to evaluate than thermal broadening for multiple reasons. Firstly, as alluded to above, the line-by-line pressure broadening parameters, n(ν) and γ(ν), are typically unavailable for most molecules under the conditions encountered in exoplanetary atmospheres, e.g. high temperatures up to ∼3000 K and varied atmospheric compositions such as H2-rich gas giant atmospheres (Freedman et al. 2008 (Freedman et al. ,2014 . We discuss this further in section 3.3. Secondly, the Lorentzian profile contributes a higher percentage to its extensive wings which can result in a significant amount of the intensity being moved into the wings of the line profile. In cases of extreme broadening this can significantly increase the impact of high intensity transitions far from the line centre and influence cross sections from neighbouring low intensity transitions. Therefore, the profile needs to be treated particularly carefully by sampling the Voigt well to approximate the profile shape with low uncertainties. This ensures appropriate normalisation so that no intensity is lost from binning the profile. Figure 1 shows the spread of both the Lorentzian HWHM (γ L,b ) and the temperature scaling parameter (n) with the intensity for CO, one of the simplest molecules in the database. We can see discrete levels in each parameter due to the discrete nature of the J quantum number that the pressure broadening values are generated from in Complex Robert-Bonamy (CRB) calculations (Antony et al. 2006; Robert & Bonamy 1979) . The spread is quite narrow in this parameter space leading us to believe that a mean value of each parameter could reasonably approximate the results of a detailed line-by-line treatment of pressure broadening.
It is useful to understand where each of the two broadening mechanisms contributes most significantly in the pressure-temperature (P -T ) space relevant for exoplanetary atmospheres. However, as the two profiles are disparate with a Gaussian profile containing more information in the core compared to the extended Lorentzian wings it is difficult to compare the two with a common metric. Nevertheless, Figure 2 shows a comparison between the Doppler HWHM (γG √ ln2) and the Lorentzian HWHM over the P -T space of interest to give an approximation of where each profile contributes most significantly. As expected, at low pressures thermal (Gaussian) broadening provides a significant contribution to the final profile core, whereas at high pressures pressure (Lorentzian) broadening is stronger. Closer to the boundary between these two regimes, both broadening mechanisms are likely to contribute significantly to core of the profile. Furthermore, due to the extended wings of the Lorentzian it is generally advisable to consider both broadening contributions even when the Lorentzian HWHM is narrow in comparison to the Gaussian. This is done using the Voigt profile discussed below.
As discussed in Ngo et al. (2012) it has been shown through comparisons with experimental data on pressure broadening that there is some deviation in reality from the Voigt profile. This is due to the change in velocity of the broadener particle by the collision with the broadening agent which affects the profile shape, the width and the shift of the line. Here we have used only the standard Voigt profile and have not investigated further in terms of profile shape. It would be possible to change to a more sophisticated profile and regenerate molecular cross sections if it were found to be an important factor. These deviations due to the velocity of the particles undergoing collisions are of the order of a few percent and we do not expect a more physically accurate Voigt profile shape to impact our results. 
Evaluating the Voigt Profile
The joint contributions due to thermal and pressure broadening are modelled using a Voigt profile which is a convolution of the Gaussian and Lorentzian profiles, given as
The characteristic width of the Voigt function is investigated by Olivero & Longbothum (1977) . Using coefficients from this work we define the Voigt width γV with the approximation
This Voigt width is used in later sections to approximate the width of the combination of the two profile types.
The issue of how best to evaluate the Voigt profile is a well known problem. The profile must be calculated accurately and quickly for a wide range of Lorentzian and Gaussian profiles, corresponding to the wide range of temperature and pressure values, for potentially millions of lines of a given molecule. The two parameters used for generating the profile are
where, u is the distance from the profile centroid and a is the ratio of the Lorentzian and Gaussian widths (Zaghloul 2007) . To be able to calculate the Voigt function accurately u must be evaluated over many orders of magnitude to encompass the relevant temperature and pressure region. The Voigt function is given as
where, as above γG and γL are the widths of the Gaussian and Lorentzian widths and ν denotes wavenumber. Here,
From formula 7.4.13 in Abramowitz & Stegun (1964) 
where
where erfc is the complimentary error function
where erf is the error function
From this we can see that
The function w(z) is known as the Faddeeva function and here is calculated using the Faddeeva package (S. G. Johnson 2012) .
Several numerical methods have been proposed to compute the Voigt profile accurately and efficiently over different regions of parameter space (Schreier 2011) . We implement the Voigt profile using a method based on the complex error function or Faddeeva function (S. G. Johnson 2012). This is a fast and accurate method with the relevant libraries publicly available. The Faddeeva package includes Algorithm 916 from Zaghloul & Ali (2011) which is known to provide accurate results. We find this package gives converged profiles over our required parameter space with fast computational speeds of less than 2 ms per profile. We use a sampling rate of 6 points per Voigt width, which is much finer than our required final resolution. We evaluate the Voigt profile to 500 Voigt widths around the centroid to accurately capture the information in the Lorentzian wings, as the derived cross sections are critically dependent on this evaluation width (discussed in more detail in section 5.2).
Availability of Broadening Parameters
Computing line broadening, as discussed above, requires broadening parameters for each line for both the thermal and pressure broadening components. For thermal broadening of a spectral line of a given molecule at a given temperature the Doppler width (γG) is easily calculated from Equation 3. Several recent works have reported such thermal broadened cross sections for several molecules, e.g. Barber et al. (2006) , Hill, Yurchenko & Tennyson (2013) . Figure 3 shows a comparison between cross sections for H2O generated with only thermal broadening and those generated with a full Voigt profile including both thermal and pressure broadening. It is clear that the Voigt profile has a significant effect on the low intensity lines, and increases the overall continuum of the molecular cross sections, especially where pressure is high.
Despite their critical importance pressure broadening parameters are not yet readily available for all molecules of relevance to exoplanetary atmospheres (Freedman et al. 2008 (Freedman et al. ,2014 . As shown in Equation 4, the parameters required for computing pressure broadening are the Lorentzian HWHM (γL) for the required broadeners and the temperature-scaling parameter (n) for each line in the line list. These parameters are hard to determine. Theoretical calculations of pressure broadening parameters are particularly time consuming and not covered for a wide range of molecules or broadening agents, particularly at high temperatures. Such methods have been explored by Gamache et al. (1997) ; Gamache, Laraia & Lamouroux (2011) and used to generate the HITRAN database, e.g. Complex Robert-Bonamy (CRB) calculations are used as discussed in Gamache, Lynch & Neshyba (1998) ; Gamache et al. (2012) where values are also verified experimentally. Molecular line lists in the HITRAN data base do contain pressure broadening parameters for self-broadening and airbroadening, but are typically relevant only to low temperature atmospheres (∼300 K). For high temperature exoplanetary atmospheres, particularly of H2-rich atmospheres that are most observable, pressure broadening data is still scarce. Typically, state-of-the-art ab initio line lists such as ExoMol are computed under zero pressure conditions due to which the pressure broadening line parameters are not available. On the other hand experimental data are also scarce for the conditions relevant for exoplanetary atmospheres.
In recent years, significant efforts have been dedicated towards generating pressure broadening parameters for exoplanetary applications, particularly with a focus on broadening molecules such as H2 and other molecules of interest outside of Earth applications. Useful parameters for important molecules can be found in works such as (Li et al. 2015) and (Faure et al. 2013) where pressure broadening coefficients are made available. In this work we use only air and self broadening provided by HITEMP and HITRAN and the PS 1997 list for water from (Partridge & Schwenke 1997) , which contains H2 broadening R. Freedman, personal communication). We focus on the H2O case as it is the most well studied molecule currently with a large variety of line list sources and three different broadening molecules available to test. Further, H2O is one of the best measured molecules in exoplanet atmospheres to date. We anticipate expanding this work to cover other molecules such as CO with further broadening agents as it is another molecule of interest, particularly in very high resolution Doppler spectroscopy of hot exoplanetary atmospheres (e.g. Snellen et al. 2013) .
However, despite these sources there is a lack of both experimental and theoretical high-temperature data on H2 broadening parameters for many molecules of interest for exoplanetary atmospheres, e.g. CH4, CO2, NH3, C2H2, HCN, TiO, CO, etc (Madhusudhan 2012) . Currently most molecules that are available with pressure broadening information have only self broadening and air broadening parameters. This is beginning to be addressed and more H2 broadening parameters are becoming available Wilzewski et al. (2016) .
There has been a great deal of work in making these parameters accurate and accessible which is made difficult by the sheer volume of lines for which broadening parameters are needed. Databases such as HITEMP, HITRAN and GEISA give pressure broadening values for each transition for each molecule. Where values are not available we are forced to turn to what is available in the literature from experiments and from other line lists. Where detailed lineby-line pressure broadening values are not available for a molecule we use the mean of pressure broadening values available from other sources. While this approach is not ideal it is currently the only option in some cases. For example in this work the YT10to10 line list for CH4 is highly complete and a useful asset to modelling of exoplanetary atmospheres, however pressure broadening values have not been calculated. An alternative HITRAN list has pressure broadening components but only a small fraction of the molecular transitions are covered and the list is only appropriate for room temperature applications. We will discuss the consequences of this method of taking the average broadening in section 6.3 and the impact using a mean broadening value has on the final cross section. Table 3 also shows which molecules have detailed broadening available and which only have mean broadening. For each case where detailed broadening parameters are available a mean case has also been investigated in order to make a comparison.
GENERATING CROSS-SECTIONS
The combination of molecular line parameters and broadening profiles discussed above allows us to compute the molecular absorption cross sections which form inputs to exoplanetary atmospheric models. We compute molecular cross sections over a wide range of pressures (P ) and temperatures (T ) relevant for exoplanetary atmospheres. Our grid in P -T space is shown in Table 1 . For each point in P -T each cross section will usually be calculated multiple times using differ- ent broadening parameter or source. If a cross section was required between these points interpolation could be used on the cross sections between the nearest pressure and temperature values as outlined in Hill, Yurchenko & Tennyson (2013) . In this section, we describe the procedure we use to compute cross sections.
Line Intensities and Partition Functions
Generation of cross sections requires the intensity of each transition to be accurately calculated. Most line list databases give Einstein coefficients for each transition with degeneracies and energies for each state. These can be converted into line intensities as (Rothman et al. 2013 ):
where Ai,j is the Einstein coefficient for spontaneous emission for the transition between states i and j, gi is the upper state degeneracy, Ej is the lower state energy in cm
and νi,j is the transition frequency between i and j, also in cm −1 and finally h is Planck's constant. Here, Q(T ref ) is the partition function at the required reference temperature. When an intensity is given at a reference temperature, usually 296 K, it can be converted to an intensity at any temperature using
This gives the intensity of a transition in units of cm −1 /(molecule cm −2 ). As evident from Eqs. 15 and 16 the partition function scales the line intensities. The partition function gives a measure of how many of the molecules of a gas are in the ground state compared with all other states. This ratio of state populations increases with temperature as it becomes more likely to find particles in higher energy states. This is intrinsically linked to the energy of each transition which makes the partition function unique for each molecule. The partition function is given by
where gj is the lower state degeneracy and Ej is the lower state energy as described in Eq. 15. However, to calculate a partition function this way the spectral information of the molecule must be complete. Missing transitions result in an inaccurate partition function which will not be representative, especially at high temperatures. Information on how partition functions are calculated for ExoMol can be found in Tennyson & Yurchenko (2012) . Errors in the partition function may cause discrepancies that are small when considering individual cross sections at particular temperatures but may impact significantly when considering full atmospheric models. Models of atmospheres involve temperaturepressure profiles with respect to altitude and so require cross sections at many different temperatures to be included in computing the emergent spectrum. This will cause any errors in the cross section from the partition function to become compounded by many layers of an inhomogeneous atmosphere.
In the present work, partition functions have either been adopted from existing databases or computed using the TIPS code (Fischer et al. 2003) . The ExoMol database provides partition functions for use with each molecular line list. The HITRAN database uses the TIPS code as discussed in Fischer et al. (2003) to create partition functions between 70K-3000K. There can be some discrepancies between partition functions from different sources, particularly at high temperatures. Some are only available in a small range of temperatures. Where this is the case we use extrapolation to find the values at higher temperatures. In our case this only affected our highest temperature point of T=3500K.
Using a line list at a temperature greater than that recommended by the source is possible by using the correct partition function. However, while at low temperatures many transitions have low enough intensity to be discounted without effecting the final result, as temperature increases these low intensity lines begin to contribute more noticeably. Because of this any low transitions that are missed, (either by an intensity cut off that is too low or from being omitted in the source,) can cause errors in the cross section if molecular line lists are used above their recommended temperatures. These temperatures are given in the last column of Table 3 . Here we see with the exception of NH3 and CH4 the ExoMol and HITEMP line lists provide coverage up to and beyond the temperatures used in this work. The HITRAN sources, used primarily for earth applications, are only valid at room temperature. Due to their small number of transitions, (shown in Table 5 ) HITRAN line lists are unreliable at high temperatures even when used with the correct partition function. Nevertheless, these have been included in this work for two reasons; firstly to investigate the dependence of completeness of line list sources on the accuracy of cross sections and, secondly, to include useful molecules that are not covered by any other source. 
Cross-Sections from Line Intensities
Cross sections are derived from line intensities by first broadening with the appropriate profile. This is followed by binning the resultant cross sections to the desired spectral resolution. This is a general approach followed by several recent studies (e.g. Hill, Yurchenko & Tennyson 2013) , albeit with minor differences in implementation. Here we discuss our implementation. The differences from other works are discussed in section 5. For a given temperature (T ) and pressure (P ), computing the cross sections from line intensities involves three steps as follows. Firstly, the Voigt profile (fv) is computed at a high resolution in order to accurately evaluate each individual line profile as described in section 3.2. The spacing of this fine grid, here referred to as the 'sub-grid', is given as
where, γv(ν = 500, T, P, m) is the HWHM of a Voigt profile at ν = 500 cm −1 . We find this prescription, which samples each Voigt width with 6 points, to provide the requisite resolution and accuracy with optimal computational speed, as discussed in more detail in section 5. This very fine sampling gives an accurate representation the Voigt function across the whole wavenumber space. This sub-grid spacing is a function of T , P and molecular mass making it specific to the molecule concerned.
Secondly, for a given spectral line, the cross section is computed at each point on the sub-grid described above. The cross section σ(ν) of a transition between states i and j at a certain pressure (P ) and temperature (T ) is given by σi,j,P,T (ν) = Si,j,P,T fv(ν)
c 0000 RAS, MNRAS 000, 1-24 in units of cm −1 /molecule where, Si,j,P,T is the line intensity and fv(ν) is the Voigt function with broadening parameters corresponding to the line at the given P and T. νi,j is the wave number of the line centre and ∆νc is the extent of the profile to which the line wings are evaluated. For a given line, we use a ∆νc value of 500 Voigt widths, (250 around the line centroid,) which we find to be optimal, as discussed in section 5. The integral is evaluated up to this cut off and normalises the profile. Evaluating up to this cut off effectively folds in the intensity from the missing wings that are not evaluated back into the profile, ensuring no intensity is missed.
Finally, the high-resolution cross section profile computed for each line as described above is binned to a final cross section grid with a coarser spacing for saving on storage space. The final cross section grid spacing is still high resolution at 10 −2 cm −1 which corresponds to a resolution of R=100,000 or greater depending on wavelength. For instance, at a wavelength of 1 µm this spacing corresponds to a spectral resolution (R = λ/dλ = ν/dν) of 10 6 . When a lower resolution cross section grid is desired, this highresolution grid can be binned down further in frequencyspace or wavelength-space as required. For example, for a given resolution R the grid points in wavelength space can be determined following R = λ/dλ which will give a nonlinear grid in λ. The mid points between adjacent bins are selected and all values within these bounds are averaged giving the binned down contribution at each wavelength on the grid.
In this work as, in discussed in Rothman et al. (2013) and other works, we apply a cut in intensity to only evaluate the significant lines. This provides a reduction in computation time with minimal effect on accuracy as very low intensity lines contribute little to the final cross section even at high resolution. We apply a cut off at 10 −30 cm −1 /(molecule cm −2 ) in intensity across all line lists apart from the BYTe and YT10to10 line lists for NH3 and CH4 respectively. Due to their large size the cut off was increased to 10 −26 cm −1 /molecule cm −1 . We find that as both these molecules have many complex transitions our results are unaffected by omitting these low lines across all resolutions covered. Unlike the HITRAN database we do not scale our cross sections by any relative abundances of isotopes based on their terrestrial measurements. This gives each cross section with the molecule at 100% abundance.
The complete list of molecules used in this work including all sources for data is given in Table 3 . Many different line list sources were chosen, particularly for water, for comparison to investigate how completeness effects the resulting cross section.
OPTIMAL RESOLUTION AND CUT OFF OF BROADENING PROFILE
It is important to consider an appropriately high resolution and extent of the line profile in order to accurately sample the contribution from the profile. Both these properties also influence the computational cost. Therefore, it is desirable to adopt optimal values for each of the properties which facilitate both a high enough accuracy and a reasonable computation time. Several recent studies have adopted different prescriptions for these parameters in the particular context of molecular cross sections for exoplanetary applications (e.g. Hill, Yurchenko & Tennyson 2013; Grimm & Heng 2015) . In this section, we systematically investigate the effect of both the profile grid resolution as well as the extent of the profile wings on the cross sections in an attempt to determine optimal values for these parameters.
Effect of Profile Grid Resolution
In the present work we use a grid resolution that is adaptive with the equivalent width of the Voigt profile for a given line profile as given in Eq 6. This approach allows for optimal computational time while ensuring high accuracy of the cross sections. In this formulation, the grid in frequency space on which we evaluate the Voigt profile, here referred to as the 'sub-grid' , is defined by Eq. 18. In this work we use a minimum sampling of 6 points per Voigt width which was found to be sufficiently accurate based on the investigations carried out below. Evaluating this spacing at ν =500 cm
gives a conservative estimate of the width of a Voigt profile where the Gaussian component is narrowest. (See Equation  3 .) This also corresponds to a wavelength of 20 µm which is the longest wavelength of interest in the present work and the upper wavelength limit of the infrared observations of exoplanetary atmospheres for instruments such as MIRI on JWST. The necessary grid spacing can become very wide at high pressures where the equivalent width of the Voigt profile becomes large. Therefore, we place an upper-limit of 0.01 cm −1 on the grid spacing. When evaluating Voigt profiles on this grid the range up to which the profile is calculated is given by ∆νc, as shown in Eq 19, and discussed in detail in section 5.2.
Our spacing is coarser than that used in some previous studies but is optimised for computational time and accuracy in computing cross sections. For example, the spacing used in Hill, Yurchenko & Tennyson (2013) , as shown in Table 2 and referred to here as a staggered grid, is finer than the grid employed here. This is in part due to work from Hill, Yurchenko & Tennyson (2013) concerning only thermal broadening where their profile is Gaussian and much narrower requiring finer grid spacing to normalise. However using our coarser, adaptive grid does not cause significant errors in the final cross sections. Figure 4 shows a comparison between the spacing of our adaptive grid and the staggered grid for a representative temperature of 1000 K. It can be seen that both grids are much finer than the Voigt widths for each pressure case, (upper panel). While a fine grid spacing gives highly accurate profiles using the staggered grid can lead to unnecessarily high resolution, especially in the limit of high pressures where the profiles become inherently very broad. This can be computationally expensive particularly for high pressures. The grid we propose in Eq. 18, referred to here as an adaptive grid as its spacing with changes in pressure, uses fewer points at higher pressures to overcome this problem while preserving the accuracy.
Ensuring the profile is evaluated accurately is imperative to achieve an accurate normalisation and neither under nor over represent the line intensity contribution at each grid point. For normalising the profiles we compute the area under the curve using a simple trapezium rule. When a profile is only sparsely evaluated this approach will tend to a greater area estimation, producing a lower intensity contribution from each line profile after normalisation. This results in a small percentage of "missing" intensity. To test the validity of our approach we analyse this amount of missing intensity in a single profile when calculated using the adaptive grid compared with the finer, staggered grid from Hill, Yurchenko & Tennyson (2013) . This is done for each T and P point.
In order to test our adaptive grid and how well it approximates the Voigt profile it is compared with the staggered grid using a wide cut off of ∆νc=100 cm −1 wavenumbers for each pressure and temperature case. Here we take one profile per T and P point only and map to each grid. The profiles are generated in the same way as in section 3.2. Any difference in the profiles will effect the integrated area, which is used for normalisation. We consider the staggered grid to be high enough resolution in all cases that it will produce an accurate area estimation. The comparisons have been conducted over a range of wavelengths but here we select a representative wavelength of λ =2µm for illustration. Figure 5 shows the results of this comparison. The difference in the final output of these grids is very small with 0.2% of intensity missing at P<1 atm at all temperatures. At P=10 atm a maximum of 2% of the original intensity is missed at Table 2 of Hill, Yurchenko & Tennyson (2013) for different pressures. Top: The coloured lines show the Voigt profile widths at different pressures and a representative temperature of 1000 K. The staggered grid spacing is shown in dashed line for reference, demonstrating that the grid spacing is well below the Voigt profile width for pressures down to 10 −4 atm. Bottom: The coloured lines show the adaptive grid spacing we use. For high pressures ( 1 atm), the minimum spacing is fixed at 10 −2 cm −1 as profiles become very broad. While our grid spacing is coarser than the staggered grid spacing for high pressures the resultant effect on the cross sections is small, as shown in Fig. 5 . Note that a single value of broadening width and temperature scaling has been adopted for this figure. low temperatures. The largest differences found are ∼10% for pressures of 100 atm, but given that such high pressures are not directly observable for exoplanetary atmospheres the corresponding differences are less of a concern. We find that in such cases the cut off chosen ∆νc is too narrow for the extreme case of P=100 atm. For the 10 −4 to 10 atm pressure range we find the adaptive grid to be very accurate, particularly after binning to the final output grid with a spacing of 0.01 cm −1 which corresponds to a spectral resolution of R=10 5 -10 6 at λ <10 µm.
Effect of Profile Evaluation Width
In order to accurately account for the contribution of the line wings the broadening profile must be evaluated over a wide enough range centred on the line centre, referred to here as a cut off value (∆νc), as discussed in section 4.2. This cut off value determines the extent of evaluation of the profile as well as its normalisation as described in Eq. 19. The choice of ∆νc has already been noted in the field as an important factor in computing cross sections (Sharp & Burrows 2007; Grimm & Heng 2015) . A common approach is to apply a cut off in wavenumber, with values ranging between 10 and 100 cm −1 , especially for high pressures as discussed by Sharp & Burrows (2007) . Another approach is to take a number of Lorentzian widths from the centroid such as in Grimm & Heng (2015) , however this does not take into account the full width of the profile after its convolution with the Gaussian component. We employ a cut off in multiples of Voigt widths, given by Eq 18 and implemented in Eq 19. The ∆νc in this approach adapts with both the Lorentzian and Gaussian components ensuring that the wings of the profile are accounted for in an adaptive manner depending on the broadening conditions. Based on our investigation we find 500 Voigt widths to be sufficient for current applications including JWST-like resolutions and VLT applications with small uncertainties when using the standard Voigt profile.
Several cut off values have been investigated to establish the optimal balance between accuracy and computational time. As discussed above we use multiples of Voigt widths to establish a cut off that adapts to the specific profile. When using a short cut off lower intensity lines are underestimated by many orders of magnitude due to the lack of additional intensity from the wings of high intensity neighbours. This leads to the continuum being poorly approximated by short cut offs. When the cut off is increased we maintain the same normalised area within the profile. Because of this the profile height becomes slightly shorter as the cut off becomes wider. Due to this effect we find that at low cut off values the cores of very strong lines are slightly over estimated, (by approximately 0.2%) at the native spacing of the grid. The effect of this slight overestimation will reduce drastically with resolution.
The underestimation in the profile wings is 10% for H2O at the native spacing. However this underestimation is Figure 6 . Comparison of cross sections obtained at the highest resolution using profile evaluation width (∆νc) of 500 Voigt widths versus 10,000 Voigt widths for H 2 O at 500K and 0.1 atm. Overestimated and underestimated points are shown in red and blue, respectively. We see there are some points overestimated by more than 0.1%, however no points are overestimated by more than 1%. The underestimations average 10% at this high resolution.
confined to the lowest intensity transitions with high intensity neighbours which are by their nature confined within high intensity features. As such an underestimation in these points is of less consequence to most applications.
Due to the profiles being very broad at high pressures where the Voigt profile width is beyond 0.01 cm −1 the spacing becomes fixed to 0.01 cm −1 wavenumbers. This also fixes our evaluation width to 60 cm −1 wavenumbers around the centroid. For high pressures, (P> 10 atm), this is an underestimate, however such pressures are less useful for atmospheric modelling in exoplanets.
Comparison of Evaluation Widths
The wings of the profile will have an affect on any neighbouring lines. If wings are not evaluated out to a large enough separation the continuum for neighbouring lines will be underestimated. This is particularly important in the case of line lists and cross sections as intensities span many orders of magnitude and so line wings from high intensity transitions can be comparable to the peaks of low intensity neighbours. However the cut off also affects the evaluation of the profile. A cut off that is too close to the centroid will provide poor normalisation and will miss some of the intensity contribution.
The cut off value ∆νc is fixed at 500 Voigt widths around the centroid. This is designed so that the evaluation width adapts to both the Gaussian and Lorentzian profiles which is particularly important at extremes of pressure or temperature. This gives 250 Voigt widths around the centroid in each direction. ∆νc is increased to 1000 Voigt widths around the centroid at pressures of 1 atm and above. To establish the difference between this method and others in the Comparison of the Voigt width cut off from Eq 18 with ∆νc set at 500 Lorentzian widths. For pressures of 0.001 atm and below we see that missing intensity can be as high as ∼50% leading to a loss of information at these crucial low pressures.
field we undertake the following comparisons. Firstly we take a single Voigt profile on our fine, adaptive grid given by Eq. 18 and ∆νc of 500 Lorentzian widths as taken from Grimm & Heng (2015) . The Voigt profile is calculated in the same way as given in section 3.2. This is then compared with a single Voigt profile on the same grid with a cut off at 500 Voigt widths, our value of ∆νc. The profiles are left unnormalised. The missing area from the Lorentzian cut off when compared with the method we present is then evaluated as a percentage of the total profile area.
The percentage of missing intensity from this comparison is shown in Figure 7 . It can be seen from the Lorentzian and Voigt width equations that the Voigt width should always cover the same or more wavenumbers and so the Lorentzian width cut off has a smaller integrated area than our approach.
The Lorentzian width evaluation fails at low pressures as the thermal Gaussian component becomes much stronger at lower pressures. These low pressures are crucial to understanding the upper atmospheres and are the most likely to effect observations. Any intensity missed in the initial evaluation of the profile then leads to inaccuracies to each individual profile which can then be further compounded by binning several such transitions to the final output grid. An underestimation of the true area under the profile results in an incorrect normalisation and an overestimation of the cross section value for each transition. We see in Figure 7 this overestimation can be 50% for pressures of 0.001 atm.
Another approach, taken from Sharp & Burrows (2007) , is to apply ∆νc of a certain number of wavenumbers from the centroid. Sharp & Burrows (2007) suggest ∆νc = min(25P, 100) cm −1 , where P is pressure in atm. This approach also adapts in pressure. However we find this also provides an underestimation of the area under the Voigt profile at low pressures as shown in Figure 8 .
Based on these parameters we find our combination of a sparse, adaptive grid with a wide cut off to be an im- provement on current methods in the field in terms of both accuracy and reduction in number of points which require evaluation. We also find our method to give sufficiently accurate profile estimates for the final output grid spacing of 0.01 cm −1 and the instrument resolutions given here in later sections.
Sub-Lorentzian Shapes
In this work, as discussed in Section 3, we use only the standard Voigt profile without modification to account for changes in the shape from other processes, (e.g. line-mixing and collisionally induced velocity changes) such as those discussed in Ngo et al. (2012) . Edwards & Strow (1991) and Birnbaum (1979) discuss specifically a sub-Lorentzian shape for pressure broadening where the far line wings are modified by an exponential, reducing their contribution. Currently there are many estimates of the distance from the line centroid where this occurs ranging from 1-30cm −1 . This subLorentzian shape at the far line wings can be difficult to estimate and contributions to the profile at large separations are not well understood. Changes to the broadening shape used here could be made in the future to investigate whether a change in profile shape significantly alters results.Molecular transitions vary greatly in intensity and this may have a greater effect in the wavelength regions where there is a sharp drop in line intensity ('window regions'). For some molecules with less complex structure, such as CO, these can be very sharp changes. In such cases, having no neighbouring lines, a sub-Lorentzian may have some effect on the edges of these regions.
Other approaches have included a simple cut off at a given wavenumber from the centroid of the line which would be very similar to the tests performed in Section 5.3. We find that changes in this cut off cause small underestimations in the lower intensity transitions across wavelength. However we find our metric, discussed in Section 6.1, to be quite general even accounting for this effect. At most resolutions many transitions are binned together mitigating this problem and our metric uses a median over a wide band.
EFFECT OF PRESSURE BROADENING ON CROSS SECTIONS
In this section we systematically investigate the dependence of molecular cross sections on the various parameters and assumptions involved in implementing pressure broadening with a given line list. Our goal here is to both quantify the uncertainties propagated into cross sections due to various choices involved in their generation as well as to define a quantitatively meaningful approach to make those choices. In order to pursue this here we focus on the H2O molecule which has the most complete line list and broadening data currently available for exoplanetary atmospheres. We investigate the dependence of the cross sections on the following key factors: (a) pressure and temperature, (b) average versus line-by-line treatment of broadening parameters, (c) spectral resolution (i.e. binning) of the cross sections, and (d) broadening agent. Note that the effect of the parameters of the Voigt line profile, namely the profile resolution and extent of the line wings, were investigated in the previous sections and here we adopt the optimal values and methodology discussed in sections 4.2 and 5.
Definition of Change Due to Broadening
In order to assess the difference that any given aspect of broadening makes to the cross sections we need to formally define the corresponding change quantitatively. Since the cross sections for any molecule can span many orders of magnitude over a given spectral range and features very drastically with wavelength defining a robust metric is challenging. For example, a simple metric such as a 'mean difference' across the entire spectral range available is often unreliable. On the other hand, focusing on lines with maximum error places undue emphasis on the lowest intensity lines which will see the highest fractional change but would be hard to observe. Conversely, focusing on the highest intensity lines is unreliable because they are not representative of the line population. Therefore, we use the median percentage difference across the entire spectral range as our metric of choice to quantify the change in cross sections due to any aspect of broadening. The median percentage change in cross section for each line is computed as
where σ0 and σ are the cross sections before and after incorporating the particular pressure broadening prescription, and the median is evaluated for cross sections computed over the entire wavelength range of interest, 0.5 -20 µm.
Effect of Pressure and Temperature
The effect of pressure broadening on cross sections as a function of pressure and temperature is shown in Figure 9 . In the region of interest for exoplanet atmospheres, for pressure . Cross sections for H 2 O at various temperatures and pressures using air broadening at a grid spacing ∆ν of 0.01 cm −1 wavenumbers, the output grid of this database. This corresponds to a resolution up to an order of magnitude higher than R=10 5 below 10 µm.
around 10 −4 to 1 atm and temperatures of 500 to 2000K) we find notable changes to the cross section as a function of resolution. For low resolutions (R < 100), we find the differences introduced to cross sections from pressure broadening is <1% across all P and T considered in this work. At resolutions of R=5000, similar to those expected from JWST, and representative hot Jupiter temperatures of T∼1000K we find δ <1% at P=0.1 atm. At the highest resolution of R=10 5 we find that for temperatures of 1000K and pressures of 0.1 atm δ =60% for H2O in an H2 atmosphere. For lower temperatures of 500K this can increase dramatically giving δ=1000%. Figure 3 .2 shows that at low temperatures (T 500K) the wide Lorentzian will have more of an effect than the Gaussian profile. From this we expect to see that cross sections, (and full atmospheric models,) at low temperatures are more effected by pressure broadening than those at high temperatures. Figure 10 shows that, even before propagating through an atmospheric model, we can expect cool targets of ∼500K to be more affected by pressure broadening than hotter targets ∼1000K by 100% or more at the highest resolutions. At resolution of R=10 5 we can expect the median Figure 10 . Median difference between cross sections derived with Gaussian-only broadening and Voigt broadening in the WFC3 band pass for H 2 O at a resolution of R=100,000. Here we show the H 2 broadening case, though self broadening case gives the largest change to the cross section overall from pressure. For low temperatures the difference dramatically increases as the Gaussian component of the Voigt becomes narrower.
difference between the two broadening cases, (thermal only and pressure and thermal,) for water to be 100% beyond pressures of 0.1 atm at T=500K as shown in Figure 10 . This would lead to uncertainties in molecular abundance of the a similar factor. The implication here is that cooler targets are likely to be more effected by pressure broadening. When observing such cool targets with high resolution instruments pressure broadening will potentially limit the precision on abundance measurements. These cooler targets are likely to have complex atmospheric structure and incorporate different chemistry in their upper atmosphere, even including broadening from more complex molecules than molecular hydrogen. However for cool targets there may be other factors obscuring observations such as clouds and hazes. In recent years, observational programs have largely focussed on hotter targets, mostly hot Jupiters, as their thick atmospheres and high temperatures lead to stronger spectral features and their short orbital periods make them easier to observe than other targets. Currently observing lower-mass, cooler planets is proving difficult, however pressure broadening may affect us more in the future when observations become more sensitive to such planets. At temperatures of 1000K and beyond we still find an effect from pressure broadening though less strong. For these hotter targets we might expect pressure broadening to have an effect in the 0.1-1 atm pressure regime of around 10-100%. As discussed in section 6.5 this depends also on the broadening agent and we find that self broadening for water is much stronger than H2.
Line-by-line versus Mean Broadening Parameters
As currently there is a lack of line-by-line broadening parameters for several molecules it is often unavoidable to rely on sparse broadening data when computing pressure broadened cross sections, as discussed in section 3.3. When only sparse data is available, i.e. broadening parameters are available only for a few lines, in this work representative values for the broadening parameters are chosen based on the available data and the mean applied across all the lines. We find that the difference to cross sections when using this method is up to ∼20% at the output grid spacing of 0.01 cm −1 for all pressures. In this section, we investigate the difference such an approach makes to the cross sections overall compared to cases where broadening parameters are available for all the lines.
For purposes of demonstration, we use the latest line list of H2O from the HITEMP database which includes lineby-line broadening parameters with air broadening. In one case, we calculate H2O cross sections over a wide range of temperatures and pressures using detailed line-by-line values for the air-broadening parameters. In another case, we adopt constant values for the broadening parameters averaged over the entire line list and apply those values for broadening every line. The median percentage difference in the cross sections derived from the two cases over the entire line list at the native spacing of the line list with a grid spacing of 0.01 cm −1 is shown in Figure 11 . At this resolution, we find that using mean broadening values can result in cross sections that are inaccurate by up to 20% for observable pressures (∼0.1 bar) and low temperatures (T 500 K) where pressure broadening is strongest. For lower pressures and higher temperatures the effect is less pronounced in a 'median' sense. For lower resolutions, the differences reduce. Therefore, when numerous lines are available to calculate representative average values for the broadening parameters as in the present case then the mean treatment of pressure broadening is a reasonable approximation to a detailed treatment for low resolution observations. Figure 11 shows this difference to decrease as pressure increases. In high pressure cases the broadening becomes wide enough such that many profiles begin to overlap. This effectively smooths the information and causes the the differences in profile shapes to be less distinguishable. From Figure 9 this effect is more clear as we see at high pressures much of the information from the individual transitions is lost. This effect occurs at pressures greater than 0.1 atmospheres implying that for high pressures of P 1 the detailed broadening parameters for each transition may not affect cross sections as much.
Contrary to the above scenario where we can construct a reasonable mean from many broadening parameters, detailed line-by-line broadening parameters are required to derive accurate cross sections, especially from upcoming highprecision and high-resolution observations. In the above case, while the median error across all the lines is low overall, individual lines with significant deviation from the mean broadening values can result in more than 100% difference in cross sections which are relevant for interpreting highresolution observations that rely on detecting specific lines (Snellen et al. 2010 (Snellen et al. , 2014 . Secondly, for several molecules relevant broadening values are available based on experimental data for only a few lines, the average of which may not be representative of the entire line population, leading to larger inaccuracies than found in the above example. Finally, recent and upcoming observations are already sensitive to cool and dense planetary and Brown Dwarf atmospheres (e.g. Fraine et al. 2014; Buenzli et al. 2015 ) with high-precision observations which necessitate accurate line-by-line broadening parameters.
Appendix 10.1 shows all molecules that are available from various sources with how many lines each contains which here we use as a proxy for how complete a line list is, with those containing only a few thousands of lines being most unreliable. HITEMP, HITRAN and GEISA have line by line pressure broadening parameters generated but only for air and self broadening, with only HITEMP containing values for the high temperatures relevant for exoplanetary atmospheres. In order to address the issue of pressure broadening accurately in the future line lists will need to include broadening due to molecular hydrogen, relevant for giant planets, and be complete to high temperatures.
Effect of Spectral Resolution
One of the most important questions that can be answered in this work is how the difference created by pressure broadening to molecular cross sections is influenced by spectral resolution. As discussed earlier, we use H2O as our case study and consider cross sections in the HST G141 bandpass (1.1-1.7 µm). Observations of exoplanetary spectra are conducted over a wide range of spectral resolution, ranging from broadband photometric observations and low resolution spectra (R 100), e.g. with HST, to very high reso- Figure 12 . Comparison of molecular cross sections in the WFC3 G141 bandpass and the NIRSpec bandpass at HST-like and JWST-like resolutions, respectively. The cross sections are generated using air broadening for all the molecules. Degeneracies between the specific molecule, the abundance of the molecule and the temperature can be harder to break at lower resolutions, however JWST's improved wavelength and resolution will help break these degeneracies in future.
lution spectra with large ground based facilities (R ∼ 10 5 ). Resolution can greatly influence how an observed spectrum can be interpreted and can break the degeneracies between different molecules. Here we discuss the effect resolution has on δ as a function of pressure and temperature. We find that at the highest resolutions and lowest temperatures (R=10 5 and T=500K) pressure broadening can introduce a difference to the final cross section of δ=1000% for P=0.1 atm. For lower resolutions of R=5000, similar to those that will be attainable with JWST, the differences become much smaller. However at low temperatures (T=500K) and high pressures (P=1 atm) a δ of 40% is found for H2 broadening at R=5000. For low resolution spectra (R 100) of exoplanets, that are possible with current instruments, for representative exoplanetary temperatures (T=500K-2500K, P 1 atm) and H2 rich atmospheres, we find the median difference in cross sections introduced by various aspects of pressure broadening (δ) to be 1%.
For illustration, Fig. 12 shows molecular cross sections of several molecules binned to the spectral ranges and resolutions achievable with HST (WFC3 G102 and G141 grisms, R∼100) and JWST (NIRSpec, R ∼3000). We can see at the higher resolution of JWST it is much easier to break the degeneracies and identify molecules. This is also easier in JWST due to the longer spectral range giving more potential to search for molecules. Figure 13 shows δ as a function of P and T. We find that δ increases with increasing resolution, reaching differences up to 100% or higher for R 10 4 , P 0.1 atm, and T 500 K. For example, as shown in the upper panel of Fig. 13 considering a temperature of 500 K, we find that at a nominal pressure of 1 atm, δ can be as high as 100% for R 10 4 or more. On the other hand, for the highest resolutions possible today of R ∼ 10 5 , δ 100% even for pressures as low as 0.1 atm.
Similarly, the lower panel of Fig. 13 shows the variation in δ with temperature for a nominal pressure of 1 atm, showing δ can be very high ( 100%) for T < 1000 K for R >10
4 . Consequently, we find that it is very important for atmospheric models to include pressure broadening when interpreting high-resolution spectra (R 10 4 ) of exoplanet atmospheres observable with current and upcoming facilities (e.g. VLT, Keck, and E-ELT). Otherwise, the derived molecular abundances will be limited by a minimum uncertainty of more than 100% due to inaccurate cross sections. On the other hand, we find that for R < 10 4 , δ is reduced reaching a maximum of ∼ 10% for pressures of relevance to exoplanetary atmospheric observations of P 0.1 atm. Figure 14 shows many slices across these plots with both H2 broadening and self broadening, the latter having an even larger effect on the cross sections than H2 broadening (as discussed in section 6.5).
While our results indicate that it is important to include pressure broadening in cross sections for interpreting high resolution observations, it is nevertheless advisable to also include the same for low resolution spectra as well. Even though δ is found to be at a maximum of ∼ 10% for R < 10 4 P 0.1, low resolution spectra at very high precision with HST and JWST could allow retrieval of molecular abundances with uncertainties of a few percent, in which case the 10% uncertainty in the cross sections could become a limiting factor. Secondly, it is to be noted again that δ is a metric of differences only in a median sense while individual lines could potentially contribute higher δ than the median value. Finally, while the current analysis focused on H2O with H2 broadening the same with other molecules could in principle lead to higher δ even at low resolutions which future studies need to investigate.
Effect of Broadening Agent
Another important factor in pressure broadening is the primary broadening agent in the planetary atmosphere. As shown in Eq.4, the broadening agent governs the Lorentzian HWHM of the broadening profile. Here we find that for resolutions of R=100,000 the difference between broadening in an H2 atmosphere and broadening in an H2O atmosphere can be significant for water features such as those in the WFC3 1-1.7 µm bandpass. At low temperatures of 500K we find δH 2 ∼1000% and δH 2 O ∼10,000% for pressures of 0.1 atm at R=100,000. At higher temperatures, which have Figure 13 . Effect of resolution on median difference between H 2 O cross sections when pressure broadening is included compared with a Gaussian-only case across the WFC3 band pass range of 1-1.7 µm. Here we show H 2 O broadened by H 2 though stronger broadening can be achieved using self broadening as discussed in section 6.5. (Note: Here the individual points of the T,P and R grid have been linearly interpolated over for plotting purposes. (Hill, Yurchenko & Tennyson 2013 ) discusses interpolation between temperature and pressure points.) been shown to reduce the δ found in previous sections, we find that for T=1000K δH 2 ∼60% and δH 2 O ∼300% in the same conditions. We find that across pressure, temperature and resolution the δ from self broadening in H2O is on average 4 times greater than that from H2.
Molecular line lists containing pressure broadening data, e.g. HITRAN or HITEMP, typically contain data for self and air as the broadening agents, motivated by the terrestrial applications which HITRAN was originally intended for. However, for giant planetary atmospheres H2 is the dominant broadener and is of particular relevance for studying atmospheres at high spectral resolution and photometric precision. Accurate line-by-line H2 broadening data for high temperatures are still elusive for most molecules of interest though a few molecules have data available, particularly for Figure 14 . Effect of resolution at different temperatures and pressures on H 2 O cross sections in the WFC3 bandpass. Median percentage difference between cross sections evaluated including pressure and cross sections evaluated with a Gaussian-only, thermal broadening. At high resolutions, high pressures and low temperatures there is the largest change to cross section. At the highest resolution of R=100,000 the median difference can be more than 1000% for H 2 broadening. We see that H 2 broadening of H 2 O is consistently weaker than self broadening. Resolutions of between R=100 and R=100,000 are shown in colours given by the top right panel.
H2O (Partridge & Schwenke 1997 ) and more recently for CO (Li et al. 2015) .
Here, we investigate the effect of broadening agent on the median accuracy of molecular cross sections for a representative case. We consider the case of H2O for which we have line-by-line broadening parameters with H2, self, and air as broadening agents (Partridge & Schwenke 1997, R. Freedman -personal communication) . To illustrate the differences made by changing the broadening agent we have used cases where the molecule is broadened only by a particular molecule self, air, or H2 (i.e. the partial pressure is 1 in each case). Figure 15 shows the median percentage difference in cross sections caused by each of the three scenarios compared to Gaussian-only broadening for an illustrative case with resolutions of 10 4 and 10 5 and T = 500 K. Figure 15 shows that it is important to carefully choose broadening agents before generating cross sections for different planet types. Firstly, self-broadening can cause significantly higher δ values compared to air or H2 broadening at observable pressures (P ∼ 0.1 -1 atm). Secondly, the differences between H2 broadening and air broadening are relatively small in the H2O case. Therefore, while modelling H2-rich atmospheres in the absence of any H2 broadening data for H2O molecules, though not ideal, it is more advisable to use air broadening than self broadening. On the contrary, when modelling atmospheres of low-mass exoplanets, e.g. super-Earths that can have volatile-rich atmospheres such as H2O-rich or CO2-rich atmospheres, it is important to use cross sections that are generated with the appropriate broadener. For example, for H2O-rich atmospheres self-broadening of H2O should be considered in the cross sections rather than air broadening.
The effect of broadening agent can be substantial depending on other parameters. The effect of the broadening agent is naturally strongest in regions of parameter space where pressure broadening is expected to be strongest, namely at high pressures, low temperatures, and high resolution. Fig. 14 shows the differences between self and H2 broadening for various parameters. The differences begin to become significant at high pressures (P 0.1 atm) for R 10000 and become substantial even at lower pressures for high resolutions. For very high resolution observations at R 10 5 self broadening can lead to differences of 1000% in cross sections. This has a much greater effect than H2 broadening over a large range of pressures, making it critical to use broadening data with the appropriate broadening agents for interpreting observations at these resolutions. Finally, the differences in cross sections induced by different broadening agents are particularly strong at lower temperatures (T 1000 K) as the broadening has a greater effect at these temperatures.
Given the wide range of temperatures and pressures of exoplanetary atmospheres that are accessible to current and upcoming observations line-by-line broadening parameters are required in molecular line lists for different broadening agents. In particular, there is a critical need for hightemperature ( 500 K) H2 broadening data as the most observable atmospheres are those of hot and giant exoplanets with H2-rich atmospheres, for which very high resolution spectra (R ∼ 10 5 ) are also being reported. In the mean time, it is advisable to use air broadening where available for such atmospheres because while not ideal it provides closer cross section estimates to H2 broadening for H2O and are an improvement on incorporating no pressure broadening at all. Future studies would also need to investigate if the same is true for other molecules as and when H2 broadening data become available for those molecules. Finally, a realistic atmosphere will contain many different molecules and so contribute broadening from many different species. For smaller planets we expect atmospheres that are more complex, containing more massive molecules with high abundance. This will effect the pressure broadening particularly as the partial pressure will no longer be 1 and there will be contributions from many species. In such cases we expect the contribution to vary depending on the abundance of more massive broadening molecules with greater pressure broadening parameters. Our current work gives an estimate for the most extreme cases of H2O or H2 dominated atmospheres.
EFFECT OF PRESSURE BROADENING ON TRANSMITTANCE
A thorough investigation of the effect of pressure broadening on fully modelled exoplanetary spectra is non-trivial and beyond the scope of the present study. Many factors such as the inhomogeneous P-T structure and composition of the atmosphere will determine the final spectrum. Nevertheless, as a simpler exercise, here we nominally asses the effect of pressure broadening on the transmittance in a fiducial atmosphere represented by a uniform column of gas. As in other parts of this study we use H2O as the only absorbing Figure 15 . Effect of broadening agent on cross sections. The curves show median difference pressure broadening induces when compared with Gaussian-only cross sections when broadening agent is changed. Here the H 2 O molecule is considered at R=10,000 and R=100,000 at a temperature of 500 K, chosen since lower temperatures provide the highest effect from pressure broadening. The figure illustrates that self broadening is 400% stronger on average than H 2 broadening and that air and H 2 broadening are comparable in magnitude.
species, and we consider pressure broadening in a H2-rich atmosphere.
Cross sections are used in atmospheric codes to determine the resultant intensity transmitted through a column of gas. Usually, the column will undergo some changes in pressure, temperature, and number density over the length of the column. These factors combine to give an optical depth τ λ where
where z is length through the column, n is the abundance (number density) of the molecule and σ λ is the cross section which is a function of wavelength. The abundance of a molecule is determined by the temperature and pressure Figure 16 . Effect of pressure broadening on the transmittance in an idealized atmosphere (see section 7). The contours show the maximum percentage difference in transmittance, i.e. the scale factor e (−nσx) , induced by considering cross sections with pressure broadening versus those with Gaussian-only thermal broadening in the HST WFC3 bandpass. The relative difference is shown for a wide range in key parameters: pressure (P), spectral resolution (R), and maximum optical depth in the WFC3 bandpass (τ ); a nominal temperature of 1000 K is chosen for illustration but the general temperature-dependence is discussed in section 7. Here the individual points of the T,P and R grid have of the column by the simple gas law
The optical depth gives a measure of how much intensity will be transmitted through a column of gas based on these properties. For a source intensity (I 0λ ), the resultant intensity (I λ ) at the end of the column is given by
where, the scale factor e −τ λ is the transmittance. In order to make a meaningful comparison between the effects of altering the cross section on emergent intensity as a function of pressure and temperature we choose to fix τ to a single value. Here, we assume the column of gas to be at a given constant pressure and temperature, and hence constant density. The length of the column is allowed to vary in order to contain the same τ regardless of pressure and temperature. As τ is also a function of wavelength its value alters depending on the particular molecular feature. To fix τ we take the value at the peak of the water feature near 1.4 µm in the WFC3 band. If only the cross section σ λ is changed, between a pressure broadened case σ 1λ and an unbroadened case σ 2λ which will each have intensities I 1λ and I 2λ , we can then find the effect pressure broadening has on the transmitted intensity. This is given as
As we assume a gas of the same number density at each pressure and temperature point then we can assume
where x is some distance scale. Substituting this we find
The above expression gives the relative change to the intensity, and hence the transmittance, for a given abundance and path through a uniform column of gas induced by using cross sections with pressure broadening compared to those without. Using the cross section across the WFC3 bandpass of 1-1.7µm and binning down to a given resolution we can find the difference to the transmittance of the column of gas as a function of wavelength. As discussed above, the length of the column is fixed such that the maximum optical depth of the column in the given bandpass equals a fixed parameter (τ ), for a given density corresponding to a given temperature and pressure. We can then alter τ to investigate the optically thin and optically thick regimes as functions of pressure and temperature. We note that the change induced to transmittance (∆I λ ) across a given bandpass is higher at wavelengths with higher absorption, which are also of the wavelengths of interest to observations. We therefore consider the max(∆I λ ) in the WFC3 bandpass as our metric of choice in evaluating the effect of pressure broadening on transmittance in that bandpass. This does not take into account how signal to noise might affect taking such observations as zero transmittance (e −τ ) implies no signal; however, here we consider only values of e −τ (which can have values between 0 and 1) that are greater than 0.01.
The effect of pressure broadening on the transmittance in our idealized column of gas is similar to the effect on cross sections discussed in previous sections. Figure 16 shows the fractional difference (∆I λ ) pressure broadening makes to the transmittance as a function of several key parameters: the optical depth (τ ), pressure (P), and resolution (R); a nominal temperature of 1000 K is chosen for illustration but the general temperature-dependence is discussed below. At the outset, for low resolutions (R 100), ∆I λ is 1% across the HST WFC3 G141 bandpass (1.1-1.7 µm) for almost the entire range of parameters of relevance to exoplanetary atmospheres, particularly for P< 1 atm, T = 500 -3000 K, and τ < 5. Naturally, however, ∆I λ is higher for higher resolutions. Considering nominal values of τ < 1, P<0.1 atm, and T>1000K, we find a maximum ∆I λ in the WFC3 band to be 6% for a JWST-like medium resolution of R = 5000, and 75% for a VLT-like very high resolution of R = 10 5 . The ∆I λ for each resolution increases with increasing pressure and lowering temperature, particularly for very high resolution. For our lowest T of 500 K and τ = 1, for R = 5000 ∆I λ is 12% for P< 0.1 atm, and 65% for P< 1 atm. On the other hand, for the same T and τ , for R = 10 5 ∆I λ is 100% for P< 0.1 atm and 2000% for P< 1 atm. As τ increases the difference between the two cases increases as there is more material to modify the intensity. However, as τ is increased to very high values the medium becomes optically thick and no light is transmitted in certain wavelength regions.
This approach is simplistic as clearly it does not factor in the the changes that could happen within the column in temperature and pressure however this does give us a first approximation of the difference induced by changing cross sections on observations of transmission spectra of exoplanetary atmospheres. In reality, light travels through many layers of an exoplanetary atmosphere, with different temperatures, pressures, and densities, before reaching the observer. The results above will hold for a specific pressure but full spectral models of exoplanetary atmospheres, both for transmission spectra and emission spectra, are required for a comprehensive investigation of the effect of pressure broadening discussed in the present work.
CROSS-SECTION DATABASE
In this work we present a range of cross sections for H2O, CO2, CO, CH4, NH3 and HCN from a range of sources shown in Table 3 . These have been investigated with detailed, line-by-line calculations of the Voigt profile with pressure and thermal broadening simultaneously included which no other database to date provides. The cross sections span a temperature range of 300K-3500K and pressures of 10
to 10 2 atmospheres. Finally the cross sections have been created in a variety of resolutions.
The data in this work benefits not only from the addition of a further dimension of pressure with an accurate broadening profile, but also in being generated uniformly with the same code across molecules. This ensures low and consistent systematic errors across our data. The full database is represented in Figure 17 . Figure 17 shows cross sections for each molecule that has currently been addressed in this work. Many of these molecules have had cross sections computed for different line lists, broadening molecules and for a mean or detailed approach but here only the most complete line list cases are shown. Each of the cross sections contains strong molecular features relating to the particular molecule. These features are usually the most ideal regions for observations with low signal to noise. A list of the highest intensity features is given in Table 4 with their representative central wavelengths.
Temperature Dependence of Cross-Sections
There is a strong dependence on temperature in these cross sections where increasing the temperature raises the transition features in the spectrum, reducing the contrast between the peaks and troughs of each band of transitions. Molecules have a different temperature dependence based on their partition function. Individual molecules can have a stronger or weaker temperature dependence which can have an affect on our observations as in an atmosphere many molecular features will be combined. An example of the effect of such a case is shown in Figure 18 . CH4 has a stronger temperature dependence than H2O. This leads to changes in their relative contributions to the combined cross section as temperature increases. While at low temperatures the two contributions are comparable, at very high temperatures the H2O cross section is stronger than the CH4 cross section. While it would still be possible to tell these two contributions apart in high resolution spectra it would be more difficult to assess the abundance of CH4 in the presence of H2O. This is a general effect from the partition functions, but there are subtleties depending on the individual transitions. For example, transitions with high values of the total angular momentum quantum number J, and high lower energy lev- Figure 17 . Absorption cross sections of molecules in our database for a representative T=1400 and P=0.1 at a resolution of 0.01 cm −1 wavenumbers, using air broadening, with the same relative abundances. Such cross sections have been generated for all the molecules over a wide range of P and T using different sources of line lists and broadening molecules. Sources are listed in Table 3 . els, become relatively much stronger at higher temperatures. Such effects can influence the shape of individual bands and could affect the continuum level of low intensity 'window' regions in spectra where opacity is low. This is a demonstration of the effect and is not necessarily a likely combination of molecules, however cross sections such as those developed here give us a tool to understand at what temperatures molecules are dominant, making them easier to observe. Understanding these features and their behaviour both with wavelength and temperature is crucial when developing ideal band passes for observation, particularly when taking telluric lines into account.
For simple molecules such as CO there are only a few key bands in the infra-red which will contain spectroscopic information while for more complex molecules there is a contribution across the whole wavelength range. The most prominent features for each molecule are listed in Table 4 . The WFC3 G141 bandpass (1.1-1.7 µm) is very well placed to detect and characterize H2O, CH4, and NH3 absorption features in spectra of exoplanets and brown dwarfs at low resolution (R 100). On the other hand, the NIRSpec and MIRI instruments aboard the JWST spanning a wide range of 0.6-28 µm will be able to detect a wide range of molecules at higher resolution.
DISCUSSION AND SUMMARY
In this work we present a systematic and quantitative investigation of the effects of various aspects of pressure broadening on molecular cross sections for application to exoplanetary atmospheres. We first use H2O as our primary molecule of choice for this investigation as it has the most complete absorption line data. The factors we investigate include the resolution and evaluation width of Voigt profiles, pressure versus thermal broadening, broadening agent, spectral resolution, and completeness of broadening parameters. We investigate in detail the effect of pressure broadening both on the absorption cross sections of H2O under varied conditions as well as on the transmittance of a fiducial idealized atmosphere. We use the optimal methods resulting from this investigation to systematically and homogeneously generate a library of pressure-broadened absorption cross sections for a wide selection of molecules of relevance to exoplanetary atmospheres across a wide range of temperature, pressure, and spectral resolution.
This study allows us to address the question of the inaccuracies introduced to molecular absorption cross sections from pressure broadening, both in the context of current and future observational capabilities. As new instruments come online with improved specifications we will have access to a wealth of high resolution data on exoplanet atmospheres. The interpretations of these data sets will be impacted by . CH 4 shows a much stronger temperature dependence than H 2 O. Bottom: Comparison of cross sections at different temperatures. We see that the contrast between peaks and troughs in both spectra is lowered at high temperatures due to the partition function. However CH 4 is is more effected due to the higher partition function values and, at higher temperatures, is weakened compare to H 2 O.
basic model inputs such as cross sections which are directly degenerate with the molecular abundances derived using spectral retrieval methods. The comparisons presented here show in detail the magnitude of the errors we can expect in these fundamental inputs to atmospheric models across a range of parameters.
To generate cross sections we follow a prescription of mapping line intensities broadened by an appropriate function to a fine 'sub-grid' which finely samples the profile of the line. This is iterated over each transition from the source and binned to an output grid with a wider spacing, (lower resolution,) for further use. The lines are broadened by either a Gaussian-only model, (which uses only thermal broadening,) or a Voigt profile, (which combines the Gaussian thermal and Lorentzian pressure broadening,) evaluated using the Faddeeva package (S. G. Johnson 2012) .
When evaluating the Voigt profile on a grid there are two clear sources of error. Firstly the grid spacing may be too wide, causing the evaluation of the contribution to each grid point to be poor, leading also to a poor normalisation and misrepresenting the line transition intensity. Secondly the wings of the profile may be cut off prematurely, leading to small fractions of intensity from the wings being missed. This is aggravated by the range of intensity values which span many orders of magnitude within a narrow wavenumber range. This leads to the wings of isolated, high intensity profiles affecting the continuum level of low intensity neighbours greatly, which can be underestimated when a cut off is too narrow.
As discussed in section 5 we present a method of accurately evaluating the Voigt profile on a fine grid that produces minimal errors in the final cross section at resolutions of interest. This is achieved with a spacing that is adaptive in temperature and in pressure. The grid we adopt is found to be as accurate as the grid from (Hill, Yurchenko & Tennyson 2013) to within 0.2% at pressures of 1 atm or less and gives a vast saving on computational time, particularly for high pressures. We pair this grid with a cut off value, ∆νc, of 500 Voigt widths (raised to 1000 above pressures of 1 atm). ∆νc describes the separation around the wavenumber centroid of the line transition up to which the Voigt profile is evaluated to. Having investigated a range of values at different resolutions we find 500 Voigt widths to be sufficient both to provide good normalisation for the profile and to evaluate far into the extensive Lorentzian wings. When compared with other values of ∆νc from literature we find our value to be more accurate ( 10-100%) at low pressures (P= 0.1 -0.001 atm) due to the Voigt width adapting with both temperature and pressure as the Gaussian and Lorentzian components change. This combination of ∆νc and an adaptive grid provides low errors for all resolutions discussed in this work up to R=100,000. We find errors of less than 1% (averaging ∼0.2%) in the final cross sections at the peaks of transition features. This increases to 10% within transition features at very low intensity, however we find such transitions to be less likely to significantly effect observations and modelling results. Beyond this resolution it may be wise to increase ∆νc and use a finer sampling of the profile.
Here we use a standard Voigt profile though works such as Ngo et al. (2012) have shown that a change in velocity of the broadening particle can alter the pressure broadened profile shape. This would likely change the wing shape and alter the continuum from what we present here though we anticipate that difference to be small.
We find the effect of pressure broadening to be varied depending on the resolution, pressure and temperature. We choose to measure the change induced to H2O cross sections due to pressure broadening using the median percentage difference over the HST WFC3 bandpass (1.1-1.7 µm). This provides a reasonable estimate of the characteristic difference, though it is possible to induce higher changes for specific lines. Generally, the differences are larger for higher resolutions, higher pressures, and lower temperatures. For low resolution spectra (R 100) of exoplanets, that are possible with current instruments, for representative exoplanetary temperatures (T=500K-2500K, P 1 atm) and H2 rich atmospheres we find the median difference in cross sections introduced by various aspects of pressure broadening (δ) to be 1%. For higher resolutions (R 5000), including those attainable with JWST, we find that δ can be up to 40%. On the other hand for very high resolution spectra (R∼10 5 ) pressure broadening can introduce δ 100%, reaching 1000% for low temperatures, (T 500K), high resolutions (R∼10 5 ) and high pressures (P∼0.1-1 atm). Such a case could be found with instruments such as the VLT and E-ELT if cool H2-dominated targets were observed. For hotter targets of T=2000K this reduces to 15%, though this is a median over wavelength and can be found to be higher ( 100%) for cer-tain features. For spectral resolutions of R=5000, (similar to that achievable with JWST) this reduces to δ=5% for hot targets of T=2000K at P=0.1 atm.
From this we can see that even with very high resolutions current hot Jupiter targets with temperatures of 800K-2500K will not be greatly effected by differences induced from pressure broadening with pressures of 0.1 atm. A more significant change is found at pressures of 1 atm or above, though current observations of exoplanetary atmospheres typically probe pressures above 1 atm (Madhusudhan 2012) . Data on cool targets at high resolution is currently a distant future prospect and we are unlikely to be affected by this level of uncertainty in the near future with such targets. However, even with the lower temperature end of hot Jupiter targets (T∼1000K) and modern day instruments such as the VLT pressure broadening can cause discrepancies in the cross section of 30-200% for H2 dominant atmospheres with P=0.1-1 atm.
Molecular cross sections are degenerate with abundance in atmospheric models and any error in cross sections results in an uncertainty in our abundance measurements. From this work we find that for cool targets (T∼500K) at high resolutions (R 10 5 ) we would expect uncertainties in the abundance measurements of at least 100% purely from the cross section inputs to atmospheric models over those that do not include pressure broadening for H2 dominated atmospheres. A true spectrum involves many cross sections from an atmosphere with many layers of temperature and pressure and an observation through many optical depths which will compound this difference. For a true estimation of the difference pressure broadening will make to abundances full, rigorous atmospheric models are needed.
Cross sections have been created from a variety of sources which span different levels of completeness, i.e. the number of transitions for which line data are available, and temperature validity, i.e. the temperature up to which the intensity values and completeness can be trusted. In this work we focus on H2O as it is both currently detectable in hot Jupiters and well documented in line list sources. We find that our metric of finding the median percentage difference gives good results even when line lists have low completeness, such as the PS line list for H2O. Due to this we are able to make comparisons between cross sections generated from line lists of different sources.
Currently significant efforts are being made into obtaining data on pressure broadening parameters for molecules in different gasses. However, there are some cases where no pressure broadening data is available for certain molecules. In other cases it may be that a smaller, low temperature line list source such as HITRAN has broadening parameters for fewer transitions but a more accurate and more complete line list from sources such as ExoMol does not. To investigate what the best approach is in such situations a mean approach has been tested where broadening parameters are averaged and the mean parameter is applied to each profile. We find that, when taken across a wide wavelength range, the differences between cross sections generated in a detailed manner and those with a mean broadening parameter applied is up to 20%, even at very high resolution (R>10 5 ). However when looking in detail in a narrow wavelength band individual lines may be inaccurate at higher pressure due to slight differences in the broadening parameter from the mean. Despite this, using our metric of finding the median percentage difference we find that mean broadening parameters are still useful to ascertain the magnitude of the change to the cross section pressure broadening can induce.
We also investigated the influence of different broadening agents (self, air and H2) on the cross sections using H2O as a case study. Generally, self broadening is significantly stronger than H2 broadening, by about a factor of 4 on average across our range of pressure, temperature, and resolution. For H2 broadening, which is the dominant component for giant exoplanet atmospheres that are most amenable to spectroscopy, we see a smaller effect on cross sections than that due to self broadening or air broadening. We find in our current investigations using H2O that where only self and air broadening are available, air broadening produces a closer result to H2 broadening. As with other parameters discussed above, the differences induced to cross sections due to the different broadening agents are <1% for low resolution (R 100). For medium resolutions of R=5000 we find that δ ∼10% at T=500K and P=0.1 for H2O in an H2O atmosphere (i.e. self broadening) where as δ ∼1% for an H2 atmosphere (i.e. H2 broadening) . For hotter targets with higher resolution (T=1000K, R=100,000) we find that δ ∼100% for P=0.1 atm. We find that when looking at the transitions of water in a water dominated atmosphere we expect the effect of pressure broadening to be more pronounced implying that pressure broadening is likely to be very important for hotter water-rich targets.
A partial pressure of one has been used here, assuming that only one broadening agent is present, though a combination of agents would be more physical, particularly with He included. Further investigation could be undertaken to find at what concentration other agents affect the broadening profile shape.
A final investigation has been undertaken to assess the difference including pressure broadening in cross sections makes to the transmitted intensity through a uniform column of gas, as a function of the pressure, temperature, spectral resolution, and optical depth. Our investigation focused on an idealized column of H2-dominated gas with H2O as the only absorber in the HST WFC3 G141 bandpass (1.1-1.7 µm). The results follow the general trends of how each of these parameters influence the cross sections themselves, as discussed above. For low resolutions (R 100), we find the relative change in transmittance (∆I λ ) to be 1% across the HST WFC3 G141 bandpass (1.1-1.7 µm) for almost the entire range of parameters of relevance to exoplanetary atmospheres. For representative parameters of τ < 1, P<0.1 atm, and T>1000K, ∆I λ can be up to 6% for a JWST-like medium resolution of R = 5000, and 75% for a VLT-like very high resolution of R = 10 5 . ∆I λ can be even higher for higher T, lower T, and larger τ . While for R 5000 the ∆I λ are still below ∼100%, for very high resolutions (R∼10 5 ) ∆I λ can be as high as ∼2000%.
Ultimately, our present work suggests that incorporating pressure broadening to compute molecular cross sections for atmospheric models will be necessary depending on the desired accuracy in molecular abundance estimates retrieved from the spectra. Across all the various factors considered in this work, for low resolution observations (R 100) of exoplanetary spectra that are currently possible, e.g. with HST, the median differences in cross section induced due to accu-rate pressure broadening is found to be 1%. For medium resolutions (R∼5000), similar to those possible with JWST, the differences are expected to be at the 40% level. For very high resolution spectra (R∼10 5 ), that are possible with current and future large ground-based telescopes such as VLT and E-ELT, significantly higher differences are possible of 100% or even much larger, depending on other factors discussed above.
With atmospheric characterisation becoming an ever more important part of exoplanet research we can begin to see that pressure broadening will impact us in the future. With medium and high resolution spectra of exoplanets, both hot and cool, we can expect our abundance measurements to be affected in some way. Beyond that we may be able to detect and characterise the pressure in the atmospheres of other planets by finding regions of wavelength space particularly affected and using high resolution spectra. This goal would be difficult to achieve even with a wealth of molecular data at our disposal as signal to noise ratios for such data are likely to be low. The structure and dynamics of a full atmosphere leads to a convolution of many profiles making characterisation of pressure broadening exceedingly difficult. Other factors such as wind speed and Doppler broadening provide further barriers. These will be the ultimate challenges of the future when we will eventually be able to conduct very high resolution spectroscopy of cool low mass exoplanets. -1206  ----NO2  104223  -104223  ----O  2  ------O2  1787  -6428  ----O3  261886  -389378  ----OCS  15618  -33809  ----OH  30772  41557  42866  ----PH  - 
